Skeletal muscle
Introduction
Loss of skeletal muscle mass, or atrophy, is a major symptom in a variety of chronic disease states, including denervation, heart failure, cancer and diabetic cachexia. Overall, the contributing players in muscle atrophy control a unique balance between protein synthesis and degradation, namely, hypertrophic pathways involving IGF-1 signaling [1] and proteolytic pathways like the calpain, lysosomal or ubiquitin proteasome (for review, see [2] ). Although the precise mechanism of diabetes-induced skeletal muscle atrophy remains unknown, the increased expression of reactive oxygen species (ROS) has been identified as a possible trigger [3] .
The transcription factor, Nrf2 (NF-E2-related factor 2) plays a central role in mediating cellular oxidative stress in response to a myriad of stimuli, including environmental toxins, xenobiotics and ROS (for review, see [4] ). The Nrf2 pathway is normally kept at low basal levels through interaction with its negative regulator, the ubiquitin substrate adapter protein, Keap1 (Kelch-like ECH-associated protein 1).
Upon stimulation of the pathway through modification of critical cysteine residues on Keap1, Nrf2 is no longer degraded by the 26S proteasome and activates transcription of a barrage of downstream genes. Nrf2 also improves pathological symptoms in conditions like neurodegeneration [5] , autoimmune disease [6] , diabetes-associated neuropathy [7] and nephropathy [8, 9] , as well as contributes to disease prevention.
Most recently, Nrf2 has garnered attention for its potential therapeutic uses in improving kidney function in patients with chronic kidney disease [10] ; however, the details and safety of the specific drug mechanisms and appropriate patient populations are still being investigated [11] . A multitude of evidence has arisen linking Nrf2 status to the ability to prevent or alleviate diabetic symptoms associated with issues like environmental toxicants (arsenic) [12] , cardiovascular dysfunction [13] and insulin action [14, 15] . Yet there remains a gap regarding Nrf2's role in skeletal muscle and its link to pathological muscle wasting or atrophy.
In this study, we investigated how Nrf2 influences myogenic differentiation and utilized a model of STZ-induced diabetic atrophy to determine whether Nrf2 plays a role in protecting skeletal muscle. Our results indicate that Nrf2 activity appears to function in myocyte differentiation. However, Nrf2 genotype alone does not translate into a significant protection from Type-1 diabetic muscle atrophy. What′s more, Nrf2 genotype appears to influence other metabolic properties and molecules, particularly in oxidative muscle types such as the Soleus. Specifically, Nrf2 levels are associated with the transcriptional co-activator, PGC-1α, which has been shown to impact muscle fiber-type and mitochondrial biogenesis. Our data support a model where NRF2 is involved in muscle metabolism and alterations in muscle disease and set the foundation for determining Nrf2 pathway linkage to conditions of pathological muscle atrophy.
Materials and methods

Reagents and antibodies
Streptozotocin (STZ) was purchased from Sigma (St. Louis, MO). Sulforaphane (DÀ/LÀisomer) was obtained from Santa Cruz Biotechnology, (Santa Cruz, CA). Trizol was purchased from Life technologies (Carlsbad, CA). Blood glucose levels were measured using a Freestyle Lite glucose meter (Abbott Diabetes Care, Inc. Alameda, CA). Urine glucose levels were measured using Diastix (Bayer, Tarrytoen, NY). Serum insulin levels were measured using the Insulin, Mouse ELISA (Mercodia, Winston Salem, NC). Antibodies for Immunoblot and immunofluorescence included: anti-fast skeletal myosin (clone MY-32, Sigma), anti-dystrophin (Abcam, Cambridge, MA), antiMyoD or myogenin (BD), anti-total oxphos cocktail (Mitosciences, Eugene, OR), anti-Nrf2, NQO1, Lamin-A and secondary antibodies conjugated to HRP (Santa Cruz Biotechnology 
RNA expression analysis
Briefly, RNA isolation and gene expression analysis was conducted according to the MIQE guidelines [17] . Total RNA was isolated from GAST and SOL tissues using Trizol. RNA quality was assessed on a Nanodrop (Wilmington, DE) where the 260/280 ratio was obtained.
Samples with a ratio of 1.7-2.1 were processed for downstream gene analysis. Approximately 500 ng total RNA from each sample was reverse transcribed using M-MLV (Promega, Madison, WI), oligoDT, random primers and dNTPs from Roche (Indianapolis, IN) (see online materials Table S1 ). cDNA was diluted ∼1:20 in nuclease free water to be used for qPCR. For most targets, gene expression levels were analyzed using SYBR green chemistry (KAPA Biosciences), except for the myosin heavy chain genes and β-actin. Due to similarities in myosins, for additional specificity, we utilized TaqMan chemistry with primers and probes designed in Roche's Universal Probe Library Design Center. All experiments were conducted on a LightCycler 480 (Roche). Relative gene expression was calculated using the 2 ÀΔΔCT method [18] . For all housekeeping and target genes assessed, standard curves were evaluated on 10-fold serial dilutions of control skeletal muscle cDNA to determine reaction efficiency.
Where efficiencies differed 45%, efficiencies could be accounted for in the LightCycler 480 software during analysis of relative gene expression. A complete list of target genes and primers is provided in the online materials (Table S2) . Specificity of primer pairs were evaluated by in-run Melt curve analysis and the use of both genomic DNA and water template control samples. Only primers that did not amplify more than one product (by Melt curve) or any product in the genomic and water controls were used for final experiments.
Immunofluorescence
Skeletal muscle mounted in OCT was sectioned (5 mm) on a cryostat microtome in cross. Muscle sections were fixed in 100% ice-cold MeOH and incubated with primary antibodies diluted in 5%BSA/ 0.05% Tween-20/PBS at room temperature (RT) for ∼4 h. Samples were washed extensively at RT in PBS+0.2% Tween-20 then incubated with appropriate secondary antibodies for 1 h at RT, washed extensively, rinsed in ddH 2 O and mounted using Gelvatol. Sections were probed with single or a dual detection using anti-myosin and anti-dystrophin to determine fiber type and cross-sectional area of the same cross-section. Species-specific secondary antibodies directly conjugated with Alexa Fluor s 488 or 594 were used to detect primary antibodies (∼1 μg/mL).
Muscle cross-sectional area
Images were taken from immunofluorescence experiments codetecting dystrophin and fast skeletal myosin on a Zeiss Observer. Z1 using a Zeiss FLUAR 10X/0.5 NA air objective and Slidebook 5.0 software. Serial images were taken of each muscle sample (GAST or SOL) to ensure the entire cross section was represented for each animal. Images were analyzed in a pipeline created in CellProfiler [19] , which is provided in the supplemental materials (Fig. S1 ).
Myosin heavy chain isoform expression, electrophoresis and immunoblots
Protein lysates were subjected to SDS-PAGE using 8% acrylamide (acrylamide:bis-acrylamide ratio: 37.5:1) gels with a 4% acrylamide stack, and were run for 24 h at 4 1C at a constant 275 V. Gels were stained with a standard coomassie protocol. MyHC isoform was determined by its migratory pattern (see Wada et al. [20] ). Gels were scanned to a digital copy and NIH Image J software was used to analyze relative MyHC isoform content by densitometry. For other protein expression analysis, lysates were subjected to SDS-PAGE using gels ranging from 7.5-12% to reach appropriate resolution for the desired molecular weight. Gels were transferred to nitrocellulose membranes and subjected to immunoblot analysis. Blots were blocked in 5% milk in PBS, contacted with primary antibodies at manufacturer instructed dilutions, washed in PBS+ 0.1% Tween-20, contacted with appropriate anti-rabbit, -mouse or -goat secondary antibodies conjugated to HRP (Santa Cruz), washed and signals were detected using SuperSignal West Dura or Femto Chemiluminescent Substrate (Thermo Scientific). Molecular weights of target proteins were determined by their relative migration to the PageRuler ™ prestained protein ladder (Fermentas).
Statistical analyses
Results are expressed as mean7SD. Statistical tests were performed using StatPlus software. Unpaired Student's t tests were used to compare the means of two groups. One-way ANOVA was applied to compare the means of three or more groups using Tukey-Kremer post-hoc analysis to determine which group exhibited differences. po0.05 was considered to be significant. For qPCR experiments, results are expressed as relative gene expression compared to a housekeeping gene (ODC or β-actin).
Relative expression less than 0.5-fold or greater than 2-fold (1 cycle difference) is considered noteworthy and potentially biologically relevant.
Results
Modulation of Nrf2 influences myotube differentiation
To first interrogate how Nrf2 might influence skeletal muscle, Nrf2 activity and levels were manipulated. To activate Nrf2, C2C12 myocytes were treated with sulforaphane (SF), an isothiocyanate, which releases the basal Nrf2 inhibition by Keap1. On the other hand, to inactivate Nrf2, its levels were decreased by treatment with an Nrf2 siRNA. Treated C2C12s were taken through a standard differentiation procedure by switching from growth media ((GM) used to maintain myoblasts) to differentiation media ((DM) used to induce myotube formation) over a 48 h time period. Notably, in Fig. 1A , treating C2C12s with Nrf2 siRNA to reduce Nrf2 levels resulted in increased expression of the myogenic transcription factors MyoD and Myogenin, as well as Myosin Heavy Chain (MyHC). In Fig. 1A and B, the Western blot for Nqo1 (a downstream Nrf2 target gene) is provided to help demonstrate the effectiveness of the Nrf2 siRNA, furthermore, densitometry graphs for Nrf2 protein levels have been provided in Fig. 1C . As expected, increasing Nrf2 levels by SF treatment of C2C12s prior to differentiation yielded opposing results to that of treatment by Nrf2 siRNA. Activation of the Nrf2 pathway with SF appeared to inhibit or delay myotube differentiation (Fig. 1B) as noted by a decrease in MyoD, Myogenin and Myosin expression. Together, these data indicate that alteration of Nrf2 levels through either SF activation or siRNA dramatically impacts the progression of myotube differentiation in C2C12 cells.
Nrf2 influences slow muscle fiber pathways
To expand on the C2C12 studies and Nrf2s ability to modulate myocyte differentiation, we sought to investigate how Nrf2 levels affect a muscle atrophy model of Type I diabetes using STZ injection. Fig. 2 shows that Nrf2 WT+STZ and KO+STZ animals did acquire diabetes, as expected, and showed equivalent increases in their fasting blood glucose ( Fig. 2A) , reduction of serum insulin levels ( Fig. 2B ) and body weight loss over the 6-week study period (Fig. 2C) . To address the reduction in basal serum insulin levels of Nrf2 KO mice, these mice are known to be more susceptible to damage of the pancreatic islets and a 45% reduction in serum insulin levels in naive Nrf2 KO mice has been described previously by Dr. Klaassen's group [21] . Subsequent analysis of the STZ animal models were conducted on gastrocnemius (GAST) and soleus (SOL) muscles, which represent two muscle types that are different in their metabolic and contractile properties, (i.e., "fast/glycolytic" and "slow/oxidative," respectively). To further characterize this animal model, mRNA levels of Nrf2 and its key downstream target genes were examined in GAST and SOL muscles from each experimental animal group. First, analysis of Nrf2 revealed no alteration in its mRNA levels in WT animals with STZ-induced diabetes (Fig. 2D ) when compared to WT alone. Analysis of Nrf2 mRNA shows the KO animals are in fact null for Nrf2 message. Compared to WT control animals, the common downstream target gene, Nqo1, is elevated only in the SOL of WT+STZ animals but is markedly down regulated in KO control and KO+STZ animals (Fig. 2E) , whereas other Nrf2 downstream genes, Gclm and Hmox1 (HO-1) are unaltered regardless of Nrf2 genotype or treatment (Fig. 2F  and G) . These data suggest that there is minimal oxidative stress occurring in muscles undergoing diabetic atrophy as a result of STZ treatment, with the exception of elevated Nqo1 in the SOL of WT+STZ animals.
To interrogate more specifically the oxidative stress levels in the muscle, GAST samples underwent analysis by TBARS assay. Formation of highly reactive and unstable lipid hydroperoxides and decomposition derived from polyunsaturated fatty acids lead to malondialdehyde (MDA) accumulation, which is measured in the TBARS assay. Results indicate a mild increase in oxidative stress in the WT+STZ group (non-significant compared to WT control) and significant increases in the KO animals, regardless if STZ treatment (Fig. 2H) . These data indicate that the skeletal muscle is experiencing oxidative stress, despite the minimal rise in Nrf2 downstream genes observed by qPCR.
Diabetic muscle atrophy is not dramatically affected by Nrf2 status
To assess whether the observed loss of body weight in WT+STZ and KO+STZ animal groups was attributable to muscle atrophy, cross-sectional area (CSA) of the GAST and SOL were assessed. Fig. 3A provides representative images of frozen GAST in crosssection, stained with an anti-dystrophin antibody to mark the outer membrane of the myofibers. Both Nrf2 WT+STZ and KO +STZ animals exhibited a significant decrease in CSA of the GAST (Fig. 3B) . Though the KO+STZ animals trended to be smaller that the WT+STZ, this trend was not statistically significant. The reduction in muscle size was also reflected in total GAST dry weight (Fig. 3C) , where interestingly, the KO control animals trended toward a reduced muscle mass when compared with WT controls that was not reflected in the CSA data. Total SOL CSA (all fiber types combined) was significantly reduced in WT+STZ and KO+STZ groups (Fig. 3D) , with a trend towards a smaller total CSA in KO control animals that did not reach significance. As an extension of the CSA data, mRNA levels of players involved in atrophy, including muscle E3-ligases, Murf1 (Trim63) and Atrogin-1 (Fbx32), or the calcinuerin pathway were analyzed. Trim63 was elevated in both GAST and SOL of WT+STZ and KO+STZ animals (Fig. 3E) . However, Fbx32 showed elevation in only the GAST of WT+STZ animals, but increased in both the GAST and SOL of KO +STZ mice (Fig. 3F) . No alterations of calcinuerin A (Pppc3a) were observed (Fig. 3G) . Of note, muscle transcription factors myogenin and MyoD were up regulated in both WT+STZ and KO+STZ animals (Fig. 3H) ; however, only MyoD was up in the KO control muscle, supporting some of the findings in vitro that low levels of Nrf2 equate to increases in myogenic transcription factors. Taken together, these data suggest that Nrf2 genotype does not have a dramatic impact on total muscle loss due to diabetes, but appears to have more minor effects on expression of E3-ligases in certain (particularly slow, oxidative) muscles, as well as some influence on major myogenic transcription factors (MyoD).
Myosin heavy chain (MyHC) isoform expression in muscle is altered by Nrf2 genotype
Given the findings of differential gene expression between the GAST and SOL muscle, (Nqo1 and Fbx32), we investigated further metabolic and contractile property differences with these muscle types by analyzing myosin heavy chain (MyHC) subtypes. MyHC isotype expression is also subject to alterations based on disease state and activity levels [22, 23] . Similar to the total CSA analysis in Fig. 3 , frozen sections from SOL were also co-stained with an antifast myosin antibody (clone MY-32) to demarcate fiber type differences between MyHC type I, or "slow" and MyHC Type II, Fig. 2 -Establishment of STZ-induced Diabetes in Nrf2 mouse model; Nrf2 influences slow muscle fiber pathways. Nrf2 WT or KO mice were given STZ to induce diabetes. Fasting blood glucose levels (FBGL) (A), serum insulin levels (B) and total body weight (C) illustrate both WT and KO mice establish diabetes. Relative mRNA expression levels (setting WT control to 1) are displayed for Nfe2l2 (Nrf2) (D), Nqo1 (E), Gclm (F) and Hmox-1 (HO-1) (G). Oxidative stress (H) was analyzed by TBARS assay. For A-C, n ¼po0.05 compared to WT control, †¼ po0.05 compared to KO control; N ¼4-6 animals/group. For D-G, n ¼denotes fold change greater than 2-fold compared to WT control; N ¼ 3-6 animals/group. For H, n ¼ po0.05 compared to WT control, †¼ po0.05 compared to WT +STZ; N¼ 4 animal/group. or "fast" (Fig. 4A and Supplemental Fig. S2 ). Both WT+STZ and KO +STZ groups showed significant reduction in fiber CSA regardless of muscle fiber type or myosin expression (Fig. 4B) . However, the KO control animals displayed a significantly smaller CSA in their "fast," Type II myosin expressing fibers when compared to WT control, which could account for the trend in the total muscle CSA. Fig. 5A shows representative images taken from lanes of a low percentage SDS gel to determine MyHC distribution in muscles from our animals. The resulting data show that diabetes caused a shift in MyHC type in the GAST from MyHC IIa to MyHC IIb/x only in KO+STZ animals (po0.05), whereas the WT+STZ group actually trended (though non-significant) toward a shift in the opposite direction (Fig. 5B) . Interestingly, Nrf2 genotype did not influence overall MyHC expression patterns in the SOL. However, all animals treated with STZ (both WT and KO) showed a marked shift in MyHC expression from the faster, type IIa isoform towards a slower type I (Fig. 5C ). These data are supported by qPCR analysis of the different MyHC genes, Mhy1, 2, and 7 corresponding to MyHC IIx, IIa, and I, respectively (data not shown).
Given the alterations in MHC distribution in the SOL of STZ treated animals and the unique alterations to MHC isoform expression in the GAST of the KO+STZ animals, we briefly interrogated mitochondrial subunit expression as an indication of corresponding metabolic alterations. Interestingly, as Table 1 illustrates, changes were observed in the relative distribution of mitochondrial subunits as reflected by representative protein levels via Western Blot (OxPhos antibody cocktail, Mitosciences). Specifically, the KO control animals exhibit changes to their mitochondrial subunit expression that mimic those of both WT +STZ and KO+STZ animals. Additionally, certain changes observed for the SOL, such as increases in the ATP producing Complex V, are in contrast to variations in the GAST where a decrease in Complex V was seen. Also, KO+STZ mice frequently illustrate more severe alterations than the WT+STZ animal group, particularly for changes observed in the GAST. Overall, the data suggest that diabetes and Nrf2 KO mice change levels of Complex V by increases in the SOL and decreases in the GAST. Moreover, Complex I, which is known for its contributions to reactive oxygen species, are altered only in the KO control and KO+STZ animals. In summary, Nrf2 genotype appears to alter not only MyHC expression and fiber type profiles, but also inherent metabolic properties as represented by mitochondrial subunit expression in KO control mice and mice with type I diabetes.
PGC-1α expression is affected by Nrf2 status
The transcriptional co-regulator, peroxisome proliferator-activated receptor gamma coactivator 1alpha, (PGC-1α) is central to influencing muscle metabolism, myosin isoform and mitochondrial biogenesis. We investigated the potential of PGC-1α involvement in the alterations to Nrf2 WT and KO muscles in these studies. Analysis of mRNA expression of PGC-1α (Ppargc1a) was markedly decreased in the SOL muscle in KO control animals as well as both WT+STZ and KO+STZ groups (Fig. 6A) . Expanding on this observation, the influence of Nrf2 status on PGC-1α protein levels was further interrogated in C2C12s treated with either Nrf2 siRNA or the activating compound, SF. Fig. 6B illustrates that, similar to the findings in the Nrf2 KO SOL, when Nrf2 levels are reduced by siRNA, so are PGC-1α protein levels. Conversely, activation of Nrf2 with SF in C2C12s shows a corresponding increase in PGC-1α protein levels (Fig. 6C) . In summary, these data reveal that the KO control (STZ untreated) animals mimic both WT and KO diabetes groups by displaying a notable reduction of PGC-1α transcript in their SOL muscle, which suggests inherent genotype differences in muscle metabolism even without diabetes. Additionally, Nrf2 levels appear to influence PGC-1α protein levels in a positive correlation in C2C12 cells.
Discussion
The therapeutic benefits of Nrf2 activation as well as the requirements of Nrf2 in disease prevention have been well documented in several disease states. To date, the specific role of Nrf2 in protection from skeletal muscle atrophy has not been investigated. In the present study, we hypothesized that the anti-oxidant regulator, Nrf2, would have a role in protection against muscle atrophy in a model of STZ-induced diabetes. Surprisingly, Nrf2 genotype did not dramatically influence total skeletal muscle atrophy as measured by cross-sectional area. However, subtler genotype alterations were found when investigating molecular and metabolic alterations of STZ-induced skeletal muscle atrophy. Specifically, Nrf2 KO mice showed trends toward lower muscle weights, displayed significant atrophy of Fast muscle fibers in the SOL, displayed alterations in MyHC isotype and mitochondrial subunit expression and a reduction in PGC-1α. In addition, modulation of Nrf2 in a myocyte culture model illustrates that Nrf2 status is tightly linked to the timing of myogenic differentiation. Although Nrf2 KO mice did not suffer significantly worse muscle atrophy (when assessing total CSA, regardless of muscle fiber type) associated with STZ-induced diabetes, our results show an interesting requirement of Nrf2 in the fine-tuning of metabolic and contractile property shifts seen with STZ-induced diabetes. Specifically, Nrf2 KO mice displayed unique alterations to mitochondrial subunit expression, muscle size and MyHC content specifically of fast, Type II muscles, such as the GAST. These results are somewhat surprising, given the inherent metabolic properties of these muscle types, relying primarily on glycolysis and not oxidative phosphorylation. Although indirect measurements of oxidative stress were assessed in the GAST (TBARS), these data show a blunted response in the WT+STZ animals. It is possible that this is a result of the Nrf2 pathway scavenging ROS and conferring protection, as indicated by the up regulation of Nqo1 mRNA in the WT+STZ group only. Direct measurements of ROS activity in each muscle type (GAST vs. SOL) would be beneficial in understanding the potential role of ROS feedback to the Nrf2 pathway, and how this may signal alterations in muscle metabolism.
Interestingly, ROS is a required second messenger for myocyte differentiation [24] , but the role of ROS in pathological muscle conditions remains controversial, with many reports suggesting high levels of ROS contribute to muscle pathology rather than regeneration (for review, see [25] ). Our data suggest that modulation of Nrf2 as early as in myoblasts can dramatically alter the differentiation program. One possibility is that increasing Nrf2 (and thus scavenging ROS prior to differentiation cues), inhibits or delays differentiation. An observation of our current data is that Fig. 6 -PGC-1α expression is affected by Nrf2 status. Relative mRNA expression of Ppargc1a (PGC-1α) is significantly reduced in the SOL of KO control, WT+STZ and KO+STZ animals (A). In (B) PGC-1α protein levels correspond to Nrf2 levels, when Nrf2 is reduced by siRNA ("NS"), compared to scramble control siRNA ("C"). Conversely, increasing Nrf2 levels through treatment with Sulforaphane (SF) in (C) increases PGC-1α levels above cells that are untreated (U). Myoblasts were cultured in growth media (GM) or differentiation media (DM) at 24 and 48 h. Densitometry analysis of (B) and (C) provide relative expression of PGC-1α levels across treatment and time.
Nrf2 protein levels appear to decrease in differentiated C2C12s when compared to undifferentiated cells maintained in growth media. It is possible that undifferentiated myoblasts maintain higher levels of Nrf2 for tighter regulation of ROS signaling for differentiation. Future studies could explore this phenomenon further in the context of Nrf2's role in muscle repair in adult/ differentiated muscle versus a satellite cell population of reserve/ undifferentiated myocytes. Of note, the ability to scavenge ROS and handle oxidative stress is dramatically reduced in the muscles of Nrf2 KO animals. Moreover, alterations in mitochondrial subunits were notable in that they demonstrated the strongest Nrf2 genotype differences amongst all of the molecular profiles that were investigated in this study. More work should be done to expand on the potential functional changes that these molecular mitochondrial profiles might induce. Specifically, linking subunit expression levels to enzymatic activity, ROS production and overall metabolic changes to substrate utilization of the muscle would be valuable data. In addition, more work needs to be conducted to investigate the intimate timing of Nrf2 activation and how this may affect different muscle pathologies, such as disuse atrophy versus diabetic or cancer cachexia.
Another important pathway triggered by ROS is that leading to the up regulation of PGC-1α. The PGC-1α transcriptional coactivator is a major regulator of energy metabolism [26] that controls many aspects of oxidative metabolism, including mitochondrial adaptations, glucose transport, oxidative phosphorylation and myosin isoform expression. PGC-1α is selectively expressed in slow-twitch fibers in skeletal muscle and ectopic expression of the PGC-1α gene in either a cell or an animal has been shown to promote fast to slow fiber-type switch [27] . Interestingly, our data support Nrf2 being upstream of PGC-1α expression, although other myogenic factors, such as MEF-2, are currently documented in the literature as being prime regulators of PGC-1α in muscle [28] . Regarding the similarities in PGC-1α levels between STZ treated groups and Nrf2 KO control animals, it is reported that Nrf2 levels are down regulated in cardiac muscle in diabetes [29] . Though our studies do not have this direct evidence, there is precedence that diabetes can reduce Nrf2 in striated muscle tissues, which could account for the similarities between the KO control and STZ animals. Also, our data appear to differ with data reported in the literature [27] , as the SOL muscle in our STZ-induced diabetes muscle transitions from MyHC II to MyHC I and displays reduced, rather than increased PGC-1α levels. One possibility could be the use of STZ to induce diabetes. Previous work has demonstrated a potential influence of STZ on muscle atrophy that is independent of other genetic models accounting for diabetic atrophy effects [30] . Our observations of fiber type shifting being antagonistic to PGC-1α levels could be attributed to alterations brought on by STZ, however, more extensive work in several genetic or diet induced models of diabetes would need to be conducted.
Collectively, our findings support the first model where Nrf2 is involved in "fine-tuning" the skeletal muscle response to STZinduced muscle atrophy. Though Nrf2 genotype was not dramatically involved in gross morphology changes (i.e., it was unable to illustrate protection from total muscle atrophy), Nrf2 appears to be required for preventing detrimental shifts in MHC isoform and metabolic alterations that might contribute to disease pathology. This study lays important groundwork to further investigate the role of Nrf2 in molecular alterations to critical muscle contractile and metabolic properties that may be applied in therapeutic intervention for diseases involving disuse or cachexia based muscle atrophy.
